Stopped-¯ow¯uorescence and circular dichroism spectroscopy have been used in conjunction with quenched-¯ow hydrogen exchange labelling, monitored by electrospray ionization mass spectrometry, to compare the refolding kinetics of hen egg-white lysozyme at 20 C and 50 C. At 50 C there is clear evidence for distinct fast and slow refolding populations, as observed at 20 C, although folding occurs signi®cantly more rapidly. The folding process is, however, substantially more cooperative at the higher temperature. In particular, the transient intermediate on the major refolding pathway at 20 C, having persistent native-like structure in the a-helical domain of the protein, is not detected by hydrogen exchange labelling at 50 C. In addition, the characteristic maximum in negative ellipticity and the minimum in¯uorescence intensity observed in far UV CD and intrinsic¯uorescence experiments at 20 C, respectively, are not seen at 50 C. Addition of 2 M NaCl to the refolding buffer at 50 C, however, regenerates both the hydrogen exchange and optical properties associated with the a-domain intermediate but has no signi®cant effect on the overall refolding kinetics. Together with previous ®ndings, these results indicate that non-native interactions within the a-domain intermediate are directly responsible for the unusual optical properties observed during refolding, and that this intermediate accumulates as a consequence of its intrinsic stability in a folding process where the formation of stable structure in the b-domain constitutes the rate-limiting step for the majority of molecules.
Introduction
The formation of intermediates is well established as a common feature of the folding of all but the simplest of proteins (Roder & Colo Â n, 1997) . Much effort has been expended in characterising these partially folded states, which include both transient species detected in kinetic experiments (Kim & Baldwin, 1990; Schmid, 1992; Matthews, 1993; Roder & Elo È ve, 1994; Plaxco & Dobson, 1996) and stable species that can exist at equilibrium under a variety of conditions where the native state is destabilized (Kuwajima, 1989; Dobson, 1992; Ptitsyn, 1995) . There has been considerable debate about the role of intermediates, in particular whether they assist in directing ef®ciently the process of folding or whether they result simply from the existence of kinetic traps in the folding reaction (Creighton, 1994; Sosnick et al., 1994; Baldwin, 1995 Baldwin, , 1996 Fersht, 1995; Roder, 1995; Mirny et al., 1996) . The description of folding in terms of energy surfaces or landscapes has done much to reconcile these apparently disparate views (Wolynes et al., 1996; Dill & Chan, 1997; Dobson et al., 1998) . Nevertheless, de®ning the origin of intermediates in speci®c cases and their in¯uence sponding to protection in both domains occurs with a time constant of 16 ms and an average amplitude of 20%. Finally, the slow phase of protection of amide groups in the b-domain occurs subsequent to protection of the a-domain. This is visualised by a decrease in the population of P28 (50%, t % 350 ms) and by the appearance of P50 (60%, t % 345 ms). C and (d) 50 C. Far UV CD data have been normalised such that the value of the denatured state (*) is zero and that of the native state is 100%. Intrinsic¯uorescence data have been normalised to give the¯uorescence intensity of the protein throughout the refolding experiment relative to that of the native state (100%). The predicted¯uorescence intensity (143%) of fully unfolded lysozyme under the refolding conditions is shown (*). This value, which had to be corrected for the guanidinium hydrochloride (GndHCl) effect on¯uorescence intensity (Itzhaki et al., 1994) , relies on the GndHCl dependence of the¯uorescence intensity of the small peptide Gly-Trp-Gly. Hen egg-white lysozyme (L6876) and GndHCl (>99%) were obtained from Sigma Chemical Co. In all experiments, unfolded lysozyme (in 6 M GndHCl) was diluted 11-fold into 20 mM sodium acetate buffer (pH 5.5). Initial protein concentrations of 2 or 20 mg ml À1 were chosen for far UV CD and¯uorescence intensity experiments, respectively, and independent experiments veri®ed that the refolding kinetics were independent of the protein concentration over a range of 0.2 to 20 mg ml
À1
. Fluorescence measurements were carried out using an Applied Photophysics SX.17MV sequential stopped-¯ow spectro¯uorimeter (dead time % 4 ms). An excitation wavelength of 280 nm was used and total emission above 320 nm was monitored using a high-pass ®lter. For stoppedow CD experiments at 20 C, a Jasco J720 spectropolarimeter equipped with a Biologic SFM-3 stopped-¯ow unit (dead time % 4 ms) was used, whereas data at 50 C were acquired using an Applied Photophysics SX.17MV sequential stopped-¯ow CD instrument (dead time % 10 ms). The representative far UV CD traces shown here typically correspond to the accumulation of about 100 and 50 experiments at 20 C and 50 C, respectively. In all experiments performed with the Biologic equipment, 1000 data points were sampled over the time-course of the refolding kinetics, while 4000 points were acquired using the Applied Photophysics stopped-¯ow equipment. The time constants were obtained by averaging the values from about ®ve kinetic traces at each temperature and errors represent the resulting standard deviations. Both¯uorescence kinetic traces at 20 C and 50 C correspond to the accumulation of about ten experiments and 4000 data points were acquired over the time-course of one experiment. Time constant values and corresponding errors (standard deviations) result from averaging over about 30 kinetic traces at each temperature. Kinetic data were ®tted using non-linear regression methods on a Macintosh computer with the program Kaleidagraph, and on an Acorn 5000 computer with the program provided in the software package of the Applied Photophysics spectro¯uorimeter. The amplitudes for the individual phases were normalised with respect to the total signal change upon refolding.
-Domain Intermediate in Lysozyme Folding
In agre ement wi th the stopp ed-¯ow optical expe rimen ts at 50 C, the ESI-MS data ( Figure 2 ) indi cate that the overall rate of foldi ng is signi ®-cantl y faster at the high er tem perature ( t % 140 ms versus $350 ms). Similar to the data at 20 C, biphasic kine tics of protectio n of P50 are eviden t by ESI-MS at 50 C, con sistent with the existe nce of at le ast two disti nct fo lding popula tions. At the higher tem perature , howeve r, full protectio n (>90% of mo lecules) is achieve d withi n two seconds ; this is Figure 2 (legend opposite) consistent with a faster rate of cis/trans proline isomerisation at 50 C. A major difference in the folding behaviour at 50 C, however, is that the folding process is signi®cantly more cooperative. Thus, at 20 C the unprotected state (P0) decreases in intensity in two phases (t % 10 and $ 100 ms) much faster than the fully protected state, P50, appears (t % 16 and $ 350 ms). By contrast, at 50 C the time constants for the disappearance of P0 and the appearance of P50 are indistinguishable (t % 6 and $140 ms for the fast and slow phases, respectively). Moreover, and most signi®cant, the characteristic a-domain intermediate (P28) observed at 20 C is no longer visible at 50 C. In an additional series of experiments, the in¯u-ence of added NaCl on the refolding kinetics at both 20 C and 50 C was monitored by intrinsic uorescence and ESI-MS. Consistent with previous results (Itzhaki et al., 1994) at 20 C, increasing the ionic strength reduces the rate of the slow refolding phase but has only a minor effect on the rate of the fast folding phase. The present data ( Figure 3) show, in addition, the change in amplitudes of the different phases as a function of ionic strength, the consequence of which is an increase in the minimum in¯uorescence intensity as the salt concentration is increased. At 50 C in 2 M NaCl ( Figure 4 ) the overall refolding rate was found to be almost unchanged relative to that in the absence of salt (t % 53 and $77 ms, respectively). However, and most strikingly, the presence of the high NaCl concentration restores the characteristic minimum in¯uorescence intensity observed at 20 C (see the inset in Figure 4 ) as well as the characteristic protection associated with population of the a-domain intermediate visualised by ESI-MS hydrogen exchange protection measurements ( Figure 5 ).
The ®rst steps in the refolding of hen lysozyme occur very rapidly (within 4 ms) after refolding is initiated and involve a large drop in free energy relative to the unfolded state (Parker et al., 1995) commensurate with both hydrophobic collapse and formation of native-like secondary structure (Kuwajima et al., 1985; Chaffotte et al., 1992; Radford et al., 1992; Itzhaki et al., 1994) and weak protection from hydrogen exchange (Gladwin & Evans, 1996) . These early folding steps are re¯ected in the dead time events observed in the far UV CD and intrinsic¯uorescence experiments. Although the detailed chronology of collapse and secondary structure formation is still not fully resolved, these two events are probably highly coupled Itzhaki & Evans, 1996) . Following this initial collapse, the secondary structural elements are stabilised through their assembly into larger elements of structure (domains). At this stage of folding, substantial protection from hydrogen exchange has developed.
The formation of signi®cant hydrogen exchange protection in the a-domain of lysozyme during folding occurs on a time-scale similar to that of the development of excess ellipticity in the far UV CD and of the quenching of tryptophan¯uorescence intensity to an extent greater than that of the native state. The¯uorescence and CD measurements cannot distinguish between the various kinetic events detected by hydrogen exchange experiments, as they represent averages over the different chromophores within each molecule and over the population of refolding molecules (Itzhaki et al., 1994) . By changing the refolding conditions, however, we have demonstrated that the accumulation of the a-domain intermediate and the development of both the overshoot in the far UV CD and the minimum in the¯uorescence intensity are highly correlated. These observations are consistent with previous experiments on CM lysozyme, in which one of the four disulphide bonds (Cys6 ± Cys127) was selectively removed (Eyles et al., 1994; Denton et al., 1994) . During folding of this deriva- C are from Miranker et al. (1993) . Data at 50 C represent the average over four different sets of experiments. Time constant and relative amplitude values are indicated for each observed phase. Deuterated guanidinium chloride (GndDCl) was prepared by three consecutive cycles of dissolution in 2 H 2 O (99.9%, Fluorochem Ltd) followed by freeze-drying. Samples were prepared using a Biologic QFM-5 rapid-mixing quenched-¯ow module (dead time % 4 ms). In these experiments, a typical pulse-labelling procedure was performed in which deuterated unfolded lysozyme (20 mg ml À1 in 6 M GndDCl) is exposed to a high pH labelling pulse at various time points after refolding has been initiated (Radford et al., 1992) . The pH of the labelling pulse was selectively adjusted to ensure that at each temperature the length of the pulse (8.4 ms) corresponded to about ten times the half-life (t 1/2 ) of the intrinsic H/ 2 H exchange process; this calculation is based on data for hydrogen exchange rates in unstructured peptides, taking into account the activation energy for base catalysis of hydrogen exchange (Bai et al., 1993) . The values used were pH 9.5 at 20
C and pH 8.3 at 50 C. Following pulse labelling, buffer exchange was effected by exhaustive dilution and reconcentration of the samples at 4 C with Milli-Q water adjusted to pH 3.8 with HPLC-grade formic acid and using an Amicon Centricon concentrator. Electrospray ionization mass spectrometry (ESI-MS) experiments were performed as described (Miranker et al., 1993) . ESI mass spectra were processed using Masslynx v2.2 (Micromass UK Ltd) software. Minimal smoothing of the raw data and baseline subtraction were performed in order to remove background noise. The relative populations of the three species, the unprotected enzyme (P0), the a-domain intermediate (P28), and the fully protected enzyme (P50), were estimated from the 11 charge state. The area corresponding to each population was calculated by summing the intensities of points across each of the three peaks using the same Masslynx software. Relative proportions were calculated as a percentage of the total ion count (%TIC).
tive, under the same ®nal refolding conditions as for the intact protein, there is no overshoot in the far UV CD, no minimum in the¯uorescence intensity, and no a-domain intermediate is detectable by hydrogen exchange labelling (Eyles et al., 1994) .
In the refolding of hen lysozyme, some 25% of molecules reach the native state rapidly, both interrupted refolding experiments (Kiefhaber, 1995) and inhibitor binding studies (Matagne et al., 1997) showing that the time constant of these rapidly folding molecules is 50 to 100 ms at pH 5.5, 20 C, compared with nearly 400 ms for the slowly folding molecules. The observation of distinct folding populations can be rationalised in terms of existence of ridges in the folding surface giving rise to fast and slow tracks for folding (Guo & Thirumalai, 1995; Dill & Chan, 1997; Dobson et al., 1998) . Both of these experiments detect the evolution of the fully native protein. Hydrogen exchange labelling experiments monitored by ESI-MS, by contrast, can detect species with signi®cant protection in both the a and b-domains, irrespective of whether the protective species is the ultimate native state. Using the latter approach, population of a species protected in both domains (P50) occurs on a $ 20 ms time-scale at 20 C ( Figure 2(e) ; Miranker et al., 1993) , i.e. at a rate signi®cantly faster than the formation of the fully native structure on the fast folding track. These data can be reconciled by invoking the population of an intermediate on the fast track of folding with protective structure in both domains, but lacking their speci®c docking to form a stable native molecule . This intermediate then rearranges to the native structure in the ratelimiting step of folding (Matagne et al., 1997) .
On the slower refolding track, molecules form an intermediate with extensive stable structure within just the a-domain. Effectively all the amide hydrogen atoms involved in secondary structure in this domain in the native state are protected from exchange in this intermediate, but it lacks persistent tertiary structure in that there is no signal in the near UV CD indicative of ordered aromatic residues. Its intrinsic¯uorescence intensity is less than that of the native and fully unfolded states, indicative of non-speci®c interactions involving tryptophan side-chains (Itzhaki et al., 1994; Denton et al., 1994) . Its excess ellipticity in the far UV CD and unusual¯uorescence properties suggests contributions from disulphide bonds or aromatic residues in non-native conformations (Chaffotte et al., 1992; Denton et al., 1994) possibly involving Trp62 and/or Trp108 (Radford et al., 1992; Rothwarf & Scheraga, 1996) . These non-native interactions are replaced by native interactions in the slowest kinetic phase of refolding, associated with the formation of the fully native structure.
Although these results indicate that the ratedetermining step in the formation of the native state for this slowly folding population of molecules involves structural reorganization, this cannot be associated with signi®cant unfolding of the a-domain, as this would result in at least a partial loss of the amide hydrogen exchange protection shown to be characteristic of the formation of this intermediate (Radford et al., 1992) . In accord with this, recent kinetic experiments are consistent with the view that the a-domain is a well-de®ned species (Parker et al., 1995) and that major structural unfolding is not required for its transition to the native state (Wildegger & Kiefhaber, 1997) . The rate-determining step in the slow folding track, therefore, is most likely to result from formation and stabilization of the b-domain, and from rearrangement of the interfacial region between the two domains. This ®nding is consistent with the results of mutagenesis experiments (Rothwarf & Scheraga, 1996) and with the refolding behaviour of the CM 6-127 lysozyme derivative (Eyles et al., 1994; Denton et al., 1994) . The data suggest, therefore, that the a-domain intermediate accumulates simply because of its intrinsic stability even in the absence of the fully folded b-domain. That this stability will be lower at higher temperatures, and higher in the presence of salt, is in accord with previous evidence of factors stabilizing partially folded states (Fink, 1995; Loh et al., 1995) .
Remarkably, the hydrogen exchange ESI-MS experiments shown in Figure 2 demonstrate that even at high temperatures kinetically distinct folding populations exist, with time constants of 6(AE3) ms and 140(AE20) ms, and amplitudes of 20(AE6) % and 80(AE5) %, respectively. The kinetic partitioning of molecules into distinct folding tracks occurs in the ®rst few milliseconds of folding (Kotik et al., 1995; Wildegger & Kiefhaber, 1997) where both native and non-native interactions in a nascent a-domain have developed but before stable and persistent structure has formed (Radford et al., 1992; Gladwin & Evans, 1996; Rothwarf & Scheraga, 1996) . The rate-limiting events in forming the native structure, by contrast, occur later in folding, presumably as a result of barriers to rearrangements in relatively highly structured species. The kinetic heterogeneity observed at 50 C indicates that even when the a-domain intermediate is not populated, a majority ($80%) of molecules refold relatively slowly, presumably also Figure 5 . ESI mass spectra of the 10 charge state of lysozyme at different refolding times at 50 C (a) and in the presence (b) of 2 M NaCl, as monitored by hydrogen exchange labelling and ESI-MS. In the absence of salt, only two well-de®ned populations are detected. They correspond to the unprotected protein (P0) at m/z 1432.0(AE0.1) Da, and the fully protected protein (P50) at m/z 1437.0(AE0.1) Da. The absence of any intermediate in the refolding process suggests a cooperative refolding pathway at this elevated temperature. However, at 50 C in the presence of 2 M NaCl, the a-domain intermediate (P28) at m/z 1434.8.0(AE0.1) Da is clearly observed, giving rise to spectra with three distinct species. The raw data were processed using Masslynx v2.2 (Micromass UK Ltd) software as described in the legend to Figure 2. -Domain Intermediate in Lysozyme Folding re¯ecting conformational heterogeneity in the collapsed state. These ®ndings contrast with the suggestion that under conditions where this partially folded state is not stable (e.g. at elevated concentrations of guanidinium hydrochloride or at high temperatures), the fast and slow folding pathways will merge to a single kinetic pathway, with all molecules refolding directly to the native state over an energetically identical transition state (Kiefhaber, 1995; Wildegger & Kiefhaber, 1997) .
The results of comparing the kinetic behaviour at 20
C and 50 C suggest that accumulation of the a-domain intermediate does not by itself result in barriers to rearrangement that signi®cantly limit the folding reaction. They indicate instead that this intermediate accumulates as a consequence of the intrinsic stability of the native-like interactions within this domain and as a result of barriers to the correct folding of the remainder of the polypeptide chain. In this sense it acts as a reporter rather than a determinant of the events occurring in folding. Indeed, the ability to study an intermediate trapped by such a mechanism provides important clues as to the way in which the native fold might develop. Of particular signi®cance is the observation that different characteristics of the native structure of the lysozyme molecule can be decoupled. It is clear, for example, that the nativelike fold, revealed by highly protected amide hydrogen atoms, can form in the a-domain in the absence of close packing of side-chains and high cooperativity of the global fold. This ®nding is in accord with recent studies of stable intermediates of the structurally homologous protein a-lactalbumin, in which progressive denaturation experiments have been used to probe the relative stability of the interactions stabilising this partially folded state (Schulman et al., 1997) . Combination of such approaches is likely to be needed to begin to map out experimental energy surfaces for folding and hence to explore the relationship between the sequences and structures of proteins.
